Abstract Heat-shock protein 70 (HSP70) is ubiquitously found in a variety of organisms and plays an important role in cytoprotection, environmental monitoring, and disease resistance. In this study, the full-length complementary DNA (cDNA) of hsp70 from planarian Polycelis sp. was first cloned using rapid amplification of cDNA ends (RACE). The expression levels of Pyhsp70 were analyzed in the presence of various stressors by real-time PCR, and its temporal-spatial expression patterns were also examined in both intact and regenerative animals by whole-mount in situ hybridization. The results show that (1) the deduced amino acid sequence of Pyhsp70 includes three typical HSP70 family signature motifs and is highly conserved during evolution; (2) Pyhsp70 expression is induced by prolonged starvation, tissue damage, and ionic liquid but inhibited by high or low temperatures; and (3) Pyhsp70 mRNA is mainly expressed in the head peripheral region and in the regenerating blastema during regeneration. These results suggest that the highly expressed Pyhsp70 gene may contribute to enhance cytoprotection and tolerance against stress-induced molecular damage, and the migration of neoblasts to the wound, which might also be involved in the proliferation and differentiation of neoblasts. Our work provides basic data for the study of stress responses and regenerative mechanism in freshwater planarians.
Introduction
Heat-shock proteins (HSPs) are ubiquitously found in all domains of life from bacteria to humans and function as multiple chaperones such as in protein homeostasis, in preventing the aggregation of damaging proteins, and in promoting proper folding, assembly, refolding, and repairing of proteins (Freeman et al. 2000; Daugaard et al. 2007 ; Kalmar and Greensmith 2009; Heikkila 2010) . Up to now, HSPs have been classified into several major categories, for instance, low molecular mass HSPs, HSP40, HSP60, HSP70, HSP90, and HSP100 based on the molecular weights, amino acid sequences, and the degree of homology (Heikkila 2010) . Among these, HSP70 is an important member of the heat-shock protein family; studies on hsp70 gene expression and function in a variety of organisms have highlighted their crucial involvement in cellular homeostasis, cytoprotection, environmental monitoring, and disease resistance, especially in cancer treatments and prognoses (Henderson and Pockley 2010; Jenei et al. 2013; Beaman et al. 2014; Nadin et al. 2014) . Thus, the levels of hsp70 are usually used as a parameter of stress from environmental pollution, noxious stimuli, and the therapeutic effects of malignant cancers and neurodegenerative diseases (Ciocca and Calderwood 2005; Ciocca et al. 2013) .
Freshwater planarians are free-living members of the phylum Platyhelminthes, with simple structure, quick regeneration, and higher identity to vertebrates in certain genes (Sánchez Alvarado 2000; Salo and Baguna 2002) , and they are an emerging model for studying regeneration, development, and evolution in animals. Polycelis sp. is a freshwater planarian, characterized by more than a hundred eyes in the GenBank accession no. KP027180 Fangfang Cheng and Zimei Dong contributed equally to this work.
head (Aikawa and Shimozawa 1991) . Compared with the two most commonly studied species of freshwater planarians, Dugesia japonica and Schmidtea mediterranea, it is more susceptible to various environmental stresses such as temperature variation, heavy metals, and toxic substance pollution; therefore, it is more suitable to be used as test organisms in water environmental toxicology (Li 2008; Knakievicz and Ferreira 2008; Gleixner et al. 2014; Yang et al. 2014) .
Here, we identified a full-length hsp70 gene from Polycelis sp. and investigated its temporal and spatial expression pattern in intact and regenerating animals. At the same time, the expression pattern of Pyhsp70 was examined in response to prolonged starvation, high and low temperatures, tissue damage, and ionic liquid stressors. Our work provides basic data to aid in the elucidation of hsp70 gene function and the molecular mechanism of stress responses and regeneration in planarians.
Materials and methods

Animals and treatments
The animals used in the study, Polycelis sp., were collected from Yangcheng County, Shanxi Province, China (elevation 1658 m, 112°09.133′ E, 35°16.398′ N, water temperature 5.5-10.5°C, pH 6.0). The worms were cultured in autoclaved tap water at 8°C, fed once a week with fresh fish spleen, and starved for at least 2 weeks prior to use in experiments. Regenerating fragments were obtained by transverse amputation at the post-auricle level from intact worms (Fig. 4a) .
For stress response experiments, 190 worms were evenly divided into 19 groups (10 animals per group) and exposed to different gradient stressors according to the pre-experiments. For starvation stress, the worms were starved for 15 (the control), 30, 60, and 15 days after being re-fed (starved after 60 days). For thermal stress, environments at 4, 8 (the control), 12, 16, and 20°C were designed, and worms were cultured under different temperature conditions for 40 min. For tissue damage stress, the regenerative fragments at 0, 0.5, and 1 day after amputation were pooled, and intact animals were used as the control. To induce stress with chemicals, 0, 10, 20, 30, 40, and 50 mg/L 1-octyl-3-methylimidazolium bromide ([C 8 mim]Br) were designed as treated groups, and worms were exposed to [C 8 mim]Br in the dark at 10°C for 3 days.
Isolation of the planarian Pyhsp70 gene
Total RNA was extracted using Trizol reagent (TaKaRa, China) following the manufacturer's instructions. First-strand complementary DNA (cDNA) was synthesized from 1 μg total RNA using oligo dT primers and M-MLV reverse transcriptase (TaKaRa, China) according to the manufacturer's instructions. All primers used in this study are shown in Table 1 . Based on Djhsp70 gene (GenBank accession number: ABY83101.1), a Pyhsp70 cDNA fragment of 211 bp was first amplified with a set of specific primers: Pyhsp70-F and Pyhsp70-R (Table 1) . Based on the EST of Pyhsp70 cDNA, the 5′ gene-specific primers (Pyhsp70 5′GSP1 and GSP2) and 3′ gene-specific primers (Pyhsp70 3′GSP1 and GSP2) were designed. The corresponding full-length transcripts were amplified by rapid amplification of complementary DNA (cDNA) ends (RACE) using both the 5′ and 3′-Full RACE kits (TaKaRa, China) according to the manufacturer's instructions. The PCR products were gel-purified and then ligated into the pMD19-T vector, which was then sequenced. The sequence reported here has been deposited into the GenBank database (GenBank accession number: KP027180).
Sequence analysis and phylogenetic tree construction
The similarity analysis of nucleotide and protein sequences was carried out by using BLASTn and BLASTp at Web servers of the National Center of Biotechnology Information (http://www.ncbi.nlm.nih.gov/blast). Pairwise protein and nucleotide sequence identities were calculated using the MegAlign program in DNAStar software package, respectively. Multiple HSP70 protein sequences were aligned using Clustal 1.83 (http://www.clustal.org/). A phylogenetic tree analysis was carried out from the amino acid sequence alignments by the neighbor-joining (NJ) method using Mega 4.0 program (http://www.megasoftware.net/). Pocillopora damicornis and Sycon ciliatum were used for the out-group. Statistical support was provided by 1000 bootstrap replications.
Quantitative real-time PCR
Quantitative real-time PCR was carried out as described previously (Dong et al. 2012) . Pyhsp70 151 bp (Pyhsp70-r) was Table 1 Primers used in this study
used for real-time PCR; a Pyβ-actin gene 249 bp (Pβ-actin-r) was used as the internal control (accession number: KP134530). Primers (Table 1) were designed using Oligo 6.0 software, and all primers generated a single PCR band of the expected size. PCR products were verified by DNA sequencing.
Whole-mount in situ hybridization
Sense and antisense digoxigenin-labelled probes were designed according to a Pyhsp70 fragment (from position 415 to 1153). The probes were synthesized using the RNA in vitro labeling kit (Roche). Whole-mount in situ hybridizations (WISH) were performed with intact and regenerating worms (0, 0.5, 1, 3, 7, 11, and 15 days after being decapitated) as described previously (Pearson et al. 2005; Dong et al. 2014) . In brief, planarians were treated with 2 % HCl to kill and remove mucus and immediately fixed with 4 % paraformaldehyde at 4°C for 4 h. Samples were dehydrated through a graded series of methanol. Bleaching was performed for 12 h in 6 % H 2 O 2 in methanol under UV light. Then samples were hydrated by a graded series of methanol, followed by proteinase K treatment (20 mg/mL) for between 10 and 20 min depending on the size. Hybridization was performed at 60°C for 28 h in a solution containing 50 % formamide, 5× SSC, 50× Dehardent's, 0.1 % Tween 20, 0.1 mg/mL heparan sulfate, 1 mg/mL yeast tRNA, and 10 % dextran sulfate with digoxigenin-labelled RNA probes; washed in phosphate buffer; and incubated with anti-digoxigenin antibody in a blocking solution. Samples were then rinsed in maleic buffer, and color was developed with NBT/BCIP in maleic buffer for 3-6 h until a signal was visible. Samples were observed with a Leica DMLB stereomicroscope, and images were captured with a Leica DFC300FX camera.
Statistical analysis of data
Statistical analysis was performed using SPSS 13.0 software. Significant interactions with diverse stressors and changes of the regeneration stage were determined by one-way ANOVA followed by post-hoc multiple comparisons using the LSD test. Three biological replicates were used, and differences were considered statistically significant at P<0.05 and highly significant at P<0.01.
Results
Characterization of Pyhsp70 gene in Polycelis sp.
A full-length cDNA of 1941 bp was identified by RACE-PCR from both ends. Sequence analysis of Pyhsp70 cDNA revealed that: (1) a 36 bp of 5′ untranslated region (5′-UTR) located upstream of a start codon (ATG); (2) (Fig. 1) .
Homology analysis of PYHSP70
Comparison of the PYHSP70 with those of published HSP70 proteins showed that PYHSP70 displayed high identity with those from Mus musculus (AAC84168. 
%).
To shed light on the evolutionary position of Pyhsp70, a phylogenetic tree was constructed using the amino acid sequences of Pyhsp70 and those of other invertebrates and vertebrates by the NJ method. In phylogenetic trees (Fig. 2) , all vertebrate HSP70s clustered together and laid at the terminal of the phylogenetic tree, while for invertebrates HSP70s (except PYHSP70), all animals from the same phylum clustered together. Interestingly, PYHSP70 laid at the base of the tree and did not cluster with those of other Platyhelminthes (such as D. japonica, Fasciola gigantica, and Echinococcus granulosus).
Expression pattern of Pyhsp70 in response to different stressors
In order to determine whether external stressors could induce Pyhsp70 expression in planarians, expression patterns of Pyhsp70 in response to diverse external stressors were examined by quantitative real-time PCR. For starvation stress, the expression value of Pyhsp70 decreased slightly after 30 days of food deprivation. However, when worms were starved for 60 days, the expression levels significantly increased and then decreased in the re-fed (RF) animals compared with the controls (Fig. 3a) . For thermal stress, the expression value of Pyhsp70 significantly decreased when worms were cultured at 4, 12, 16, and 20°C compared to the control (8°C) (Fig. 3b) . For tissue damage stress, the expression value of Pyhsp70 exhibited a gradual upregulation on days 0, 0.5, and 1 after amputation (Fig. 3c) . For ionic liquid-induced stress, the expression of Pyhsp70 exhibited a significant upregulation in a dose-dependent manner (Fig. 3d) .
Expression pattern of Pyhsp70 in intact and regenerating planarians
The expression pattern of Pyhsp70 was analyzed by wholemount in situ hybridization in intact and regenerative planarians. In intact worms, the Pyhsp70 transcripts were widespread; strong signals were mainly located in the head peripheral region and intestinal branches (Fig. 4h) . In regenerating worms, the transcript signals were strongly expressed in the blastema whether in the fragments regenerating a head (anterior regeneration) or a tail (posterior regeneration) and throughout the regeneration processes (Fig. 4b-g, i-o) . Interestingly, Pyhsp70 expression extended to the post-blastema at 15 days of posterior regeneration (Fig. 4g) and at 11 days of anterior regeneration (Fig. 4n-o) . No signal was observed in the control (Fig. 4a) .
Discussion
The hsp70 family is a multi-gene family with specific functions in different cell compartments and cellular contexts (Mayer and Bukau 2005) . In this study, a cytosolic member of the hsp70 family, Pyhsp70, was first cloned and characterized from planarian Polycelis sp. Multiple sequence alignment revealed that PYHSP70 shared a high similarity in amino acid sequence with those from other animals; moreover, the deduced amino acid sequence of Pyhsp70 possesses several highly conserved functional motifs characteristic of the HSP70 family (Shim et al. 2006 ). Phylogenetic analysis supported that PYHSP70 laid at the most basal position of the tree, more ancestral than those of other HSP70s from phylum Platyhelminthes. In summary, we suggest that PYHSP70 may have conserved functions in planarian Polycelis sp.
HSP70 can be induced in response to a wide variety of physiological and environmental insults (Rios-Arana et al. Seo et al. 2006; Ventura et al. 2007 ) and enhances cytoprotection and tolerance against stress-induced molecular damage. In this study, Pyhsp70 is induced by long-term starvation and tissue trauma. At the same time, Pyhsp70 is also induced by ionic liquids, which are composed entirely of ions and are a category of molten salts with popularization and application in various fields (Ranke et al. 2004; Lee et al. 2005) . Currently, they are seen as promising green substitutes for traditional volatile organic compounds in manufacturing, processing, and cleaning technologies (Keskin et al. 2007; Li et al. 2010) . [C8mim]Br, being one of the most commonly encountered imidazolium and increasing attention, has been Fig. 4 Expression of Pyhsp70 mRNA in intact and regenerating planarians, Polycelis sp. a The control. b-g Dorsal view in the posterior regeneration fragments, 0, 0.5, 1, 3, 7, and 15 days after amputation. h Expression of Pyhsp70 mRNA in intact planarian. i-o Dorsal view of anterior regeneration fragments, followed by 0, 0.5, 1, 3, 7, 11, and 15 days after decapitation (showing the auricle by arrow). In all images, anterior is to the top. Scale bars 0.5 mm paid to the toxic bioassay and environmental risk assessment to aquatic organisms (Landry et al. 2005) . These results are consistent with those of previous studies (Ma et al. 2009; Navarro et al. 2009; Senf et al. 2013; Akerfelt et al. 2010) . For example, in planarians D. japonica and Schmidtea polychroa, HSP70 is induced by various stress factors (Ma et al. 2009; Navarro et al. 2009 ). In vertebrates, HSP70, as a marker for tissue damage, can activate both neutrophils and macrophages to infiltrate damaged muscle and modulate regeneration following injury (Ortega et al. 2009; Kovalchin et al. 2006; Tashiro 2009 ). At the same time, HSP70, as a crucial molecule chaperone, can protect cells to survive and adapt to all kinds of environmental stresses (Akerfelt et al. 2010) . Based on this, we suggest that the biochemical function of Pyhsp70 is conserved in planarians; moreover, Polycelis sp., as aquatic animals, are more suitable to be used as test organisms in water environmental toxicology by the change of the expression levels of the Pyhsp70.
Interestingly, the expression value of Pyhsp70 displayed downregulation as the culture temperature was increased and decreased, and this result was unexpected in light of the results obtained above and at odds with previous studies in planarians D. japonica and rotifera (Ma et al. 2009; Yang et al. 2014) . The most favorable living temperature for planarian Polycelis sp. is 6-10°C, but when the culture temperature is elevated to 20°C, they lyse easily. This is likely caused by the destruction of thermolabile elements of the transcription system similar to other animals when the temperature exceeds their limit (Diller 2006) . However, the specific reasons remain to be determined and more work will need to be done in the future.
The spatial expression pattern of Pyhsp70 was analyzed by whole-mount in situ hybridization experiments. In regenerating worms, the transcript signals were strongly expressed in the blastema and extended to the post-blastema with regeneration process. Regeneration in planarians relies upon a population of stem cells, called neoblasts that proliferate in response to injury and differentiate to form the missing tissues (Reddien and Sánchez Alvarado 2004; Sánchez Alvarado 2006; Saló 2006) . Planarian pluripotent stem cells are present throughout the mesenchymal space and migrate to the organ rudiments or blastema in the process of regeneration, and this migration is stimulated by a cut or a wound (Baguna 2012) . HSP70 overexpression has been involved in tumor growth and metastatic potential in rodent tumor models (Garrido et al. 1998) . HSP70 also promoted cell migration in hepatocellular carcinoma and was considered as a target drug for cancer therapy (Wang 2011; Evans et al. 2010) . Thus, we hypothesize that PYHSP70 may promote neoblasts' migration to the wound and also play a major role in the proliferation and differentiation of neoblast cells similar to the roles of HSP70 in tumor growth (Garrido et al. 1998) .
In intact worms, the Pyhsp70 transcripts were widespread, but the signals were stronger in the head peripheral region in which the chemoreceptor and tactile sensor (auricle) are located (Newmark and Sánchez Alvarado 2002) . Furthermore, the hybridization signal of Pyhsp70 was observed in the intestinal branches of some samples. In oysters, Hsp70-positive cells were also observed in epithelial cells of the gills and intestinal tissues, and the mechanism was not clear (Moraga et al. 2005 ). At present, we are not certain of the cause of Pyhsp70 in planarians' intestinal branches; previous studies have shown that the non-hybridized probe easily accumulated in the intestinal vaults, from which it cannot be properly rinsed away, thereby generating background noise (Cardona et al. 2005) . The specific reasons are still far from clear, and further study will be needed.
Conclusions
A full-length Pyhsp70 cDNA from Polycelis sp. was successfully cloned, and its expression pattern in intact and regenerating worms was analyzed. The results suggest that Pyhsp70 may contribute to enhance cytoprotection and tolerance against stress-induced molecular damage; it was also involved in the proliferation, migration, and differentiation of neoblasts in the process of regeneration. To date, the particular roles of Pyhsp70 proteins in planarians are still far from clear; further study on hsp70 function in simple invertebrate models such as planarians will be needed to provide a new insight into the role played by hsp70s in more complex vertebrates.
